Sodium deoxycholate gel electrophoresis was used to analyze the lipopolysaccharides of a variety of species and strains of purple nonsulfur bacteria. The electrophoretic migration patterns found for various lipopolysaccharides indicated their S or R characters, differedces in their 0-chain lengths, the presence or absence of unsubstituted core stubs, and the approximate sizes of the repeating units. The gel patterns were similar for closely related species (e.g., Rhodopseudomonas viridis and Rhodopseudomonas sulfoviridis or Rhodocyclus tenuis and Rhodocyclus purpureus). Species-specific migration patterns were noted for Rhodocyclus gelatinosus and Rhodogseudomonas viridis. Identical electrophoretic mobilities were observed for different chemo-/ serotypes within the same species (e.g., Rhodopseudomonas palustris, Rhodobacter sphaeroides, and RhodocycZus tenuis). A good correlation between chemo-serotypes and migration patterns was observed. Thus, gel electrophoresis of lipopolysaccharides proved to be useful for chemotaxonomic investigations.
Lipopolysaccharides (LPSs) are characteristic cell wall constituents of almost all gram-negative bacteria. They have provided the basis for serological and taxonomic classifications, especially in the Enterobacteriaceae (23, 27) .
Most LPSs consist of a lipid moiety (lipid A) and a hydrophilic region, which is made up of the R core and the 0-specific chains (19, 43) . The 0 chains consist of repeating units, which usually vary in number and thus cause different 0-chain lengths.
It has been demonstrated that separation of S-form LPSs by polyacrylamide gel electrophoresis (PAGE) into discrete bands depends on the substitution of the core stubs by 0 chains with increasing numbers of repeating units (10, 13, 24, 25) . Thus, the regularly spaced, "ladderlike" migration patterns of Salmonella LPSs, as revealed by sodium dodecyl sulfate (SDS)-PAGE, are due to various 0-chain lengths, ranging from zero (unsubstituted core stubs) to almost 40 repeating units (24) . This structural heterogeneity of the 0-antigenic polysaccharide is also observed for bacteria not belonging to the Enterobacteriaceae (4, 5). Moreover, the fingerprinting of LPSs by PAGE indicates the presence and relative abundance of unsubstituted core stubs or the complete lack of 0 chains in R mutants (13, 30) .
In the present study a novel electrophoretic method with high resolution, in which sodium deoxycholate (DOC) was used as a detergent (17), was improved and was used for electrophoresis of LPSs from selected species of purple nonsulfur bacteria. LPSs of these bacteria have been shown to be of value for questions of phylogenetic relatedness and taxonomy (20, 22, 38) .
A close correlation among chemical composition, serological data, and electrophoretic migration patterns was revealed for these LPSs.
MATERIALS AND METHODS
Bacterial strains. The sources and culture conditions of the bacteria used are given in the references listed in Table 1 .
Isolation of LPSs. LPSs were isolated from lyophilized cells by using the hot phenol-water extraction procedure (42) or the phenol-chloroform-petrolether extraction procedure chloride (pH 8.8). Vertical slabs (10 by 12.5 by 0.1 cm) were surmounted by a stacking gel (4% acrylamide, 0.1% bisacrylamide, 0.5% DOC, 125 mM Tris-hydrochloride, pH 6.8), containing 13 sample wells (1 by 0.5 cm).
For electrophoresis, LPS samples (0.1% LPS in 0.25% DOC-10% glycerol-175 mM Tris-hydrochloride, pH 6.8) were boiled at 100°C for 5 min shortly before the run, Bromphenol blue (0.002% in sample buffer) was used as the trackihg dye, and was generally applied to a well with marker LPS or without samples.
The electrode buffer (pH 8.4) was composed of 0.25% DOC, 192 mM glycine, and 26 mM Tris. Pre-electrophoresis without sample loading was normally done at a constant current (25 mA per gel), until the tracking dye had migrated to the bottom of the gel. The electrode buffer was then discarded, and fresh buffer from the same stock was added to the electrode vessels. After the samples were loaded onto the gel (3 to 5 p, g of S-form LPS or 1 to 3 t.ig of R-type LPS per well), electrophoresis was performed with constant current (18 mA in the stacking gel and 25 mA in the running gel) until the tracking dye was about 1 cm above the bottom of the gel.
Immediately after electrophoresis the LPSs were fixed in the gel matrix by soaking the gel in an aqueous solbtion containing 40% ethanol and 5% acetic acid for 2 days with at least two changes of solvent and with gentle stirring on a vertical shaker. Silver staining was performed as described by Tsai and Frasch (35) . For quantitation of the silverstained gels a Quickscan Jr. scanning densitometer (Desaga, Heidelberg, Federal Republic of Germany) was used at 595 nm.
SDS-PAGE was performed by using the method of Laemmli (18) . In brief, the running gel was composed of 14% acrylamide, 0.4% bisacrylamide, 0.1% SDS, and 375 mM Tris-hydrochloride (pH 8.8), and the stacking gel consisted of 4% acrylamide, 0.1% bisacrylamide, 0.1% SDS, and 125 mM Tris-hydrochloride (pH 6.8). Samples (0.1% in a solution containing 125 mM Tris-hydrochloride, pH 6.8, 2% SDS, 12.5% glycerol, and 0.002% bromphenol blue) were boiled at 100°C for 5 min, and 3 to 5 Fg of S-form LPS or 1 to 3 pg of R-type LPS was applied to each sample well. The electrode buffer (pH 8.4) consisted of 0.1% SDS, 192 mM glycine, and 26 mM Tris. Electrophoresis was performed with a constant current (15 mA in the stacking gel and 18 mA in the running gel) until the tracking dye had migrated to a position about 1 cm above the bottom of the gel. Fixation was done as described above, but overnight only.
RESULTS

Molecular weight standards and definitions.
In the LPSs of most purple bacteria the existence of distinct R-core structures has not been proven so far. Therefore, the designations Ra-, Rc-, Rd,, Re-, and SR-like for these LPSs are used as operational terms only; these terms do not necessarily indicate a complete or impaired core structure, but rather define electrophoretic properties comparable to those of the respective enterobacterial R-type LPSs.
LPSs of defined Salmonella mutants were used as stanldards in all electrophoretic runs. R-type LPSs of S . minnesota and S . typhimurium were used as low-molecular-weight ,standards, and S. typhimurium subsp. copenhagen LPS was used as a reference for S-type LPS. The latter exhibits very iregular banding over a wide range in both SDS-PAGE and
LPSs of Rhodocyclus gelotinosus. The LPSs of 12 strains of
Rhodocyclus gelatinosus all showed a single (doublet) band, which stained brownish and comigrated with LPS of S. iwinnesota chemotype Rd, (Fig. 1) . Exact positioning was i3chieved in a gel having a higher (18%) polyacrylamide concentration. The electrophoretic mobility was in good agreement with the chemical composition of Rhodocyclus gelatinosus LPSs, indicating a lack of 0 chains (33, 38, 40) . DOC-PAGE. Under the electrophoretic conditions used, no discrimination between the two chemotypes (40) was observed. However, our electrophoretic analysis confirmed previous results showing that wild types of Rhodocyclus gelatinosus possess highly truncated LPSs, comparable in their chemical composition to those of Salmonella deep R mutants.
LPSs of Rhodocyclus tenuis and Rhodocyclus purpureus. LPSs of eight strains of Rhodocyclus tenuis showed four different migration patterns in DOC-PAGE (Fig. 2) . All of the samples exhibited distinct and prominent bands in the region of enterobacterial Ra and SR LPS samples and a number of rather faint bands in the region of S-type LPSs. The only exceptions were strains 6750 and 3760, which showed a series of six to nine regularly spaced bands. These two strains were previously reported to share similar and highly characteristic chemical compositions (34, 37) . In addition, the LPSs of Rhodocyclus tenuis 3661 and 3761 and of strains 2761 and P4P1.2, which (by pairs) also have similar migration patterns, have been reported to have almost identical chemical compositions for the respective pairs of LPSs. In parallel, the four different LPS (inner) core types reported previously (26) correspond to four different types of migration patterns.
Rhodocyclus purpureus, which is closely related to Rhodocyctus tenuis (41, 44) , showed a banding pattern similar to that of Rhodocyclus tenuis 6750 and 3760, consisting of five or six regularly spaced (doublet) bands (Fig. 2) . The wider interspaces indicate repeating units, which are larger than those observed with Rhodocyclus tenuis 6750 and 3760. (Fig.  3) .
Gel pattern type II lacked the fast-moving bands of gel pattern type I completely, but displayed three distinct bands in the "SR region" and a few diffuse bands of regular periodicity in the region of higher molecular weights. No sharp banding was visible; this observation was similar to observations with Vihrio cholerae LPS (ll), in which the 0 chain is a homopolymer (16).
The LPS of Rhodobacter sphaeroides ATCC 17023 (gel pattern type I) is composed of only 2-keto-3-deoxyoctonate, glucuronic acid, threonine, and phosphate, without any indication of the existence of repeating units (28, 29, 32) . This is in agreement with the observed migration pattern.
LPSs of Rhodopseudomonas viridis and Rhodopseudomonus sulfoviridis. LPSs of eight strains of Rhodopseudomonas viridis all exhibited identical migration patterns in DOC-PAGE, with a regular banding pattern reaching from the low-molecular-weight region to the high-molecular-weight region (Fig. 4) . A similar pattern was also observed for Rhodopseudomonas sulfoviridis, which showed a rather wide size distribution of O-chain lengths (Fig. 4, track 8 ).
In accordance with the lack of typical R-core constituents in Rhodopseudomonas viridis, the gel patterns showed no bands in the R-core region. A uniform migration pattern was obtained for all eight strains of Rhodopseudomonas viridis. Accordingly, all of these strains belong to the same chemo-/ serotype. A comparable presence of 0 chains and a lack of R core in Rhodopseudomonas sulfoviridis LPS (1) were also supported by the electrophoretic profile.
LPSs of Rhodopseudomonas palustris. LPSs of 13 strains of Rhodopseudomonas palustris showed two completely dif- ferent migration patterns and additional strain-specific minor differences (Fig. 5) .
The first main migration pattern, exhibited by strains 2/2, K/1, 8/1, and 11/5, showed a set of widely spaced bands in the higher-molecular-weight region. No bands were present in the region of R-type LPSs in strains 8/1 and 11/5. In the LPSs of strains K1l and 811, a second set of regularly spaced bands having lower intensities but with equal band interspaces were observed. These subsets of regular bands may indicate heterogeneity of the lipid A or R-core region. The LPSs of strains 2/2 and K/1 exhibited identical interspaces for their comigrating sets of regular bands; these organisms have been reported to belong to the same chemo-/ serotype I (7, 36) , (Fig. 6a and b) . The LPS of strain 8/1, which belongs to chemo-herotype 11, had smaller band interspaces (Fig. 6c) .
The second main migration pattern, which was observed with the other nine Rhodopseudornonas palustris strains, consisted of an intensively stained leading band in the region of Salmonella SR LPS and a set of closely spaced bands in the higher-molecular-weight region. Surprisingly, no banding was visible in intermediate positions of the gel. Only faint bands became observable after prolonged staining (Fig. 5) . This exceptional migration pattern is not due to LPS aggregation, since, by analogy to previous results (6), excised gel fractions gave identical gel patterns after reruns. All strains of this migration type except strain le5 belong to chemo-/ serotype I11 (7, 36); strain le5 is a chemo-herotype I1 strain.
DISCUSSION
A comparison of SDS-PAGE and DOC-PAGE patterns revealed the advantage of DOC-PAGE for LPS analysis. In SDS-PAGE the LPS of Rhodopseudomorzas palustris 811 was not resolved into two sets of bands (Fig. 7b) , as seen in DOC-PAGE (Fig. 5) . Also, the higher dissociating power of DOC avoided LPS aggregations, which still were observed in the SDS-PAGE patterns of Rhodocyclus tenuis GFUy   FIG. 5 . Electrophoretic profiles of LPSs of Rhodopseudomonas palustris strains, obtained by 13% DOC-PAGE and silver staining. Tracks 1 and 2 contained LPSs (3 pg per track) of chemo-herotype I1 strains (track 1, strain le5; track 2, strain 8/1). Tracks 3 and 4 contained LPSs (3 pg per track) of chemo-herotype I strains (track 3, strain 2/2; track 4, strain K/l). Track 5 contained LPS (3 pg per track) of chemo-herotype strain 11/5. Tracks 6 to 13 contained LPSs of the chemo-herotype 111 strain (track 6, strain V2; track 7, strain lfz; track 8, strain 15; track 9, strain 42; track 10, strain 16; track 11, strain E51; track 12, strain lal; track 13, strain l l / l ) . The vertical bars indicate the positions of molecular weight markers (see legend to Fig. 7a and 2a) . Pre-electrophoresis, which reportedly has no significant influence on one-dimensional SDS-PAGE (12), resulted in better separation by DOC-PAGE due to removal of a disturbing buffer front. This modification and improvement of the DOC-PAGE method (17) by pre-electrophoresis proved to be essential for the analysis of R-type LPS or bands related to the core. 0-chain heterogeneity, as revealed by the gel patterns or, more accurately, by their densitograms, varied with respect to (i) the 0-chain lengths (e.g., Rhodopseudomonas viridis LPS [Fig. 41 , where a ladderlike pattern was observed, in contrast to Rhodocyclus gelatinosus LPS [Fig. 11 , which showed a single [doublet] band only), (ii) the presence of unsubstituted core stubs (e.g., Rhodocyclus tenuis LPS [Fig. 21 with prominent bands in the R-core region), and (iii) the presence and size of repeating units (as indicated by extensive banding and band interspaces [e.g., for Rhodopseudomonas palustris LPSs] [ Fig. 5 and 61) .
LPS (
A single, fast-migrating band indicates a lack of 0 chains, as in the case of Rhodocyclus gelatinosus (Fig. 1) . The presence of intense, fast-moving bands in combination with faint, slower bands, as observed for Rhodocyclus tenuis LPS (Fig. 2a) , indicates incomplete substitution of the core stubs with 0 chains. A ladderlike pattern without a fast leading band, as found with Rhodopseudomonas palustris 8/1 (Fig.   3 , indicates a complete substitution of the core stubs by 0 chains of different lengths.
Gel patterns may also indicate different modes of LPS biosynthesis; the diffuse and slow-moving bands in Rhodobacter sphaeroides gel pattern type I1 (Fig. 3) may be due to a sequential addition of single sugars instead of preformed, complete repeating units to the growing 0 chain during LPS biosynthesis.
Obviously, the gel electrophoretic data also allow conclusions about the 0-chain structure of unknown LPSs, which may greatly facilitate the structural analysis of LPSs (21), especially if the minute amounts needed for an electrophoretic analysis are considered.
In some cases, gel patterns may also reveal the presence of other outer membrane components, such as protein S layers (31) . For example, electropherograms of Rhodopseudomonas palustris (chemotype 111) LPSs displayed a single, fast-migrating (core) band and a number of closely spaced slow-moving bands, leaving a "gap" in the ladderlike pattern ( Fig. 5 and 6d ) reminiscent of comparable data obtained with Aeromonas hydrophila (6).
In contrast to the LPSs of the Chromatiaceae, which show extensive ladderlike gel patterns due to long 0 chains (14; isolation of the LPSs and L. Lay for excellent photographic documentation. unpublished data), a predominance of short 0-chain LPS or R-type LPS was noted for purple nonsulfur bacteria.
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FIG. 7. Electrophoretic profiles of LPSs of Rhodocyclus tenuis
Electrophoretic analyses of LPSs of different strains of one species displayed either a uniform migration pattern (e.g., Rhodocyclus gelatinosus or Rhodopseudomonas viridis) or only very few, characteristic electrophoretic profiles for their chemo-and serotypes (e.g., the LPSs of Rhoducyclus tenuis, Rhodobacter sphaeroides, and Rhodopseudomonas palustris). An exception is Rhodopseudomonas palustris le5, which is the only one of the 17 Rhodopseudomonas palustris strains investigated which is sensitive to bacteriophage Rpl (2, 3).
The two chemo-herotypes of Rhodocyclus gelatinosus were not discernible by SDS-PAGE or DOC-PAGE; they differ by an unknown acid-labile component (40).
In the case of Rhodocyclus tenuis LPSs, where differentiation by serological techniques was not successful (R. Indira, J. Weckesser, and H. Mayer, unpublished data) , at least four chemotypes were detectable by gel analysis (Fig.  2) . In contrast to the present taxonomy (15) but in accordance with 16s ribosomal ribonucleic acid data (44), both the chemical compositions and the gel patterns of Rhodocyclus tenuis and Rhodocyclus purpureus LPSs are similar (41) (Fig. 2) , but they are different from those of Rhodocyclus gelatinosus (40) (Fig. 1) .
Fingerprinting of LPSs by detergent PAGE gives important information on respective 0-chain structures, often characterizing distinct strains or species. Therefore, gel electrophoretic analyses of LPSs may be included in studies on taxonomical and phylogenetic aspects.
